We report energy levels, radiative rates (A-values) and lifetimes for the astrophysicallyimportant Be-like ion C III. For the calculations, 166 levels belonging to the n 5 configurations are considered and the grasp (General-purpose Relativistic Atomic Structure Package) is adopted. Einstein A-coefficients are provided for all E1, E2, M1 and M2 transitions, while lifetimes are compared with available measurements as well as theoretical results, and no large discrepancies noted. Our energy levels are assessed to be accurate to better than 1% for a majority of levels, and A-values to better than 20% for most transitions. Collision strengths are also calculated, for which the Dirac Atomic R-matrix Code (darc) is used. A wide energy range, up to 21 Ryd, is considered and resonances resolved in a fine energy mesh in the thresholds region. The collision strengths are subsequently averaged over a Maxwellian velocity distribution to determine effective collision strengths up to a temperature of 8.0×10 5 K, sufficient for most astrophysical applications. Our data are compared with the recent R-matrix calculations of Fernández-Menchero, Del Zanna & Badnell (2014) , and significant differences (up to over an order of magnitude) are noted for several transitions over the complete temperature range of the results.
INTRODUCTION
Observations of emission lines from Be-like ions, such as C III, O V, Ca XVII and Fe XXIII, provide useful diagnostics for density and temperature of astrophysical plasmas -see for example, Landi et al. (2001) . Considering C III, early observations of strong emission (λ: 5696Å) and absorption (λ: 4647Å) features in HD 192639 were reported by Swings & Struve (1940) . Keenan & Warren (1993) deduced electron densities using several line pairs arising from the n = 2 transitions of C III in solar spectra obtained by the Naval Research Laboratory's S082B instrument on board Skylab. More recently, strong emission lines of C III (λλ 4647-4650-4652Å) have been detected in spectroscopic survey of Galactic O-type stars by Walborn et al. (2010) . Similarly, among ultraviolet emission lines in young low-mass galaxies at redshift z ∼ 2, Stark et al. (2014) noted that the strongest (other than Lyα) is always the blended C III λ1908 doublet. Many observed lines of C III below 4700Å are listed in the CHIANTI database at http://www.chiantidatabase.org/. Similarly, Tables 2, 7 and 8 are available only in the electronic version. † E-mail: K.Aggarwal@qub.ac.uk(KMA); F.Keenan@qub.ac.uk (FPK) numerous transitions in the 270-2070Å wavelength range are included in the Atomic Line List (v2.04) of Peter van Hoof at http://www.pa.uky.edu/~peter/atomic/.
For the reliable interpretation of observations, accurate atomic data are required for several parameters, such as energy levels, Einstein coefficients or radiative rates (Avalues) and excitation rates -see section 6. Energy levels for C III have been calculated by several workers -see for example, Gu (2005) and references therein. Measurements of energy levels have been compiled and critically evaluated by the NIST (National Institute of Standards and Technology) team (Kramida et al. 2015) and are available at their website http://www.nist.gov/pml/data/asd.cfm. Similarly, A-values have been reported by numerous workers -see for example, Safronova et al. (1999a,b) .
Since C III is an important ion in astrophysical (and fusion) plasmas, a few workers have reported data for collision strengths Ω, or more importantly effective collision strengths Υ, which are directly related to the excitation rates (section 6). Early R-matrix calculations were mostly performed by Berrington and his colleagues -see in particular Berrington et al. (1989) and references therein. These included 12 states among n 3 configurations and were in LS coupling (Russell-Saunders or spin-orbit coupling). Subsequently, Mitnik et al. (2003) extended the calculations to 24 states (including additional states of the n = 4 configurations), and made other improvements, particularly in the generation of wavefunctions. However, their results for Υ have been shown to be overestimated (by up to 50%, particularly at lower temperatures) for several important transitions, such as 2s 2 1 S0 -2s2p 3 P o 1,2 and 2s 2 1 S0 -2p 2 1 D2 -see fig. 3 of Fernández-Menchero, Del Zanna & Badnell (2014) . The calculations of Fernández-Menchero et al. (2014) are not only the most recent but also the most extensive, because they have reported data for transitions among 238 fine-structure levels, belonging to the n 7 configurations of C III.
To determine energy levels and A-values, Fernández-Menchero et al. (2014) adopted the AutoStructure (AS) code of Badnell (1997) . The wave functions generated were subsequently employed in the R-matrix code of Berrington, Eissner & Norrington (1995) for the calculations of Ω, primarily obtained in LS coupling. Corresponding results for desired fine-structure transitions were determined through their intermediate coupling frame transformation (ICFT) method. Furthermore, they resolved resonances in the thresholds region to finally determine values of Υ. Since C III is a comparatively light ion, higher-order relativistic effects (neglected in the AS and R-matrix codes) are not very important, and hence their approach should give comparable results with a fully relativistic version, such as the Dirac atomic R-matrix code (DARC). Unfortunately, this is not the case as recently demonstrated by us (Aggarwal & Keenan 2015) for five other Be-like ions, namely Al X, Cl XIV, K XVI, Ti XIX and Ge XXIX. For about 50% of the transitions (of all ions) the Υ of Fernández-Menchero et al. (2014) are overestimated, up to more than an order of magnitude, and over a wide range of temperatures. Therefore, considering the importance of C III, we decided to perform yet another calculation so that atomic data can be confidently applied to the modelling of plasmas.
As in all our earlier work on Be-like ions, we have employed the fully relativistic grasp (General-purpose Relativistic Atomic Structure Package) code, originally developed by Grant et al. (1980) , but significantly revised by one of its authors (Dr. P. H. Norrington), and available at the website http://web.am.qub.ac.uk/DARC/, to determine the atomic structure, i.e. to calculate energy levels and A-values. Similarly for the scattering calculations, we have adopted the unpublished DARC code of P. H. Norrington and I. P. Grant, freely available at http://web.am.qub.ac.uk/DARC/). This is a relativistic version of the standard R-matrix code and is based on the jj coupling scheme.
ENERGY LEVELS
Our calculations for C III are larger than those performed by us for other Be-like ions. For this ion we have considered the energetically lowest 166 levels belonging to the 27 configurations: (1s 2 ) 2 2 , 2 3 , 2 4 and 2 5 , while for others (see Aggarwal & Keenan (2015) and references therein) the 68 levels of the 2 5 configurations were not considered. Our level energies calculated from grasp, with the inclusion of Breit and QED (quantum electrodynamic) effects, are listed in Table 1 along with those of NIST and Fernández-Menchero et al. (2014) .
Experimental energies are available for most of the levels, with a few exceptions such as 113-120. In Fig. 1 we show the differences (in percentage terms) between the experimental and theoretical energy levels. There is general agreement (within 1% for all levels) between our GRASP and the earlier AS energies of Fernández-Menchero et al. (2014) , although our results are slightly closer to those of NIST. Differences between the theoretical and NIST energies are smaller than 1% for most levels. Unfortunately, the differences for the lowest 10 levels of the 2s2p and 2p 2 configurations are significantly larger, up to 8%. Clearly there is scope for improvement which can (perhaps) be achieved by the inclusion of pseudo orbitals, as undertaken by Berrington et al. (1989) and Mitnik et al. (2003) . This approach improves the accuracy of energy levels, although discrepancies with measurements remain up to 6% for a few, see for example the 2p 2 1 S0 level in table 1 of Mitnik et al. (2003) . Therefore, there is little advantage in using pseudo orbitals, particularly because their inclusion gives rise to pseudo resonances in the subsequent scattering calculations for Ω. For this reason, neither ourselves nor Fernández-Menchero et al. (2014) have included pseudo orbitals in the generation of wavefunctions.
RADIATIVE RATES
We have calculated A-values for four types of transitions, namely electric dipole (E1), electric quadrupole (E2), magnetic dipole (M1) and magnetic quadrupole (M2) as all may be required in a plasma model (see e.g. Aggarwal & Keenan (2012) and references therein). The absorption oscillator strength (fij) and radiative rate Aji (in s −1 ) for all types of transition i → j are related by the following expression:
where m and e are the electron mass and charge, respectively, c the velocity of light, λji the transition energy/wavelength inÅ, and ωi and ωj the statistical weights of the lower (i) and upper (j) levels, respectively. However, the relationships between oscillator strength fij (dimensionless) and the line strength S (in atomic unit, equivalent to 6.460×10 −36 cm 2 esu 2 ) with the A-values differ for different types of transitions -see Eqs. (2-5) of Aggarwal & Keenan (2012) .
Our calculated energies/wavelengths (λ, inÅ), radiative rates (Aji, in s −1 ), oscillator strengths (fij, dimensionless), and line strengths (S, in atomic unit) are listed in Table 2 for all 3802 E1 transitions among the 166 levels of C III. The indices used to represent the lower and upper levels of a transition are defined in Table 1 . Similarly, there are 4909 E2, 3728 M1 and 4975 M2 transitions among the same 166 levels. However, for these only the A-values are listed in Table 2. Corresponding data for f-values can be easily obtained through Eq. (1). Furthermore, results are only listed in the length form, which are considered to be comparatively more accurate. Nevertheless, below we discuss the velocity/length form ratio (R), as this provides some assessment of the accuracy of the data. Ideally, R should be close to unity but often is not in (almost all) large calculations, such as the present one. As for other Be-like ions (Aggarwal & Keenan 2015) , C III is no exception and hence the conclusions are similar. Specifically, for 453 strong E1 transitions (f 0.01) R lies outside the range 0.8-1.2, i.e. is more than 20% away from unity. agreement between the two calculations, but for a few weak(er) ones there are discrepancies of over 50%, as shown in Table 3 . Such discrepancies between any two calculations often arise for weak(er) transitions, mainly due to the different levels of CI included and/or the method adopted. The A-values for a few M1 transitions are also available in the literature, mainly by Glass (1983) and Safronova et al. (1999b) .
In Table 4 we compare our A-values for the common transitions. As expected, all such transitions are weak and there is generally no large discrepancy. However, for the 3-5 transition there is a significant differences in the A-values, as our result is larger than of Safronova et al. (1999b) by a factor of two, but is lower than of Glass (1983) by a factor of four. However, Nussbaumer & Storey (1978) calculated an A-value of 1.09×10 −3 s −1 for this transition, which agrees within 20% with our result.
LIFETIMES
The lifetime τ for a level j is defined as follows: 
Since this is a measurable quantity, it facilitates an assessment of the accuracy of the A-values, particularly when a single transition dominates the contributions. Therefore, in Table 1 we have also listed our calculated lifetimes. Generally, A-values for E1 transitions are considerably larger in magnitude and hence dominate the determination of τ , but for higher accuracy we have also included the contributions from E2, M1 and M2. Their inclusion is particularly important for those levels for which either E1 transitions do not exist or are dominated by others.
There have been several measurements of τ for a few levels of C III, and results up to 1990 have been compiled by Allard et al. (1990) . In Table 5 we compare our data with their compilation. For some levels there are several measurements and therefore we have listed the range for convenience (specific results are given in table IIIa of Allard et al. (1990) ). Most levels show reasonable agreement (within a few percent) between theory and measurement. However, there are also striking discrepancies for five, namely 2p3p 1 P, 2p3p 3 S, 2p3d 1 P o , 2s5f 1 D and 2p5g 3 G o , where the only available measurements are from Poulizac & Buchet (1971) and Poulizac, Druetta & Ceyseriat (1971 Table 5 there is satisfactory agreement between our results and the calculations of Allard et al. (1990) . Therefore, for the 2p3d 1 P o level the measured τ of appears to be incorrect. Nandi et al. (1996) have measured τ for 2p 2 1 D and 2s3p 3 P o to be 6.9±0.2 and 11.6±0.3 ns, respectively and for both there is no large discrepancy with our calculations (7.5 and 13.1 ns, respectively) or other earlier experimental values.
Tachiev & Froese Fischer (1999) have calculated τ for the lowest 20 levels of C III and their results are compared 
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COLLISION STRENGTHS
The collision strength for electron impact excitation (Ω) is a symmetric and dimensionless quantity, related to the betterknown parameter collision cross section (σij) -see eq. (7) of Aggarwal & Keenan (2012) . As stated earlier and in our work on other Be-like ions, we have adopted the relativistic darc code for calculating Ω. It is based on the jj coupling scheme and uses the Dirac-Coulomb Hamiltonian in an Rmatrix approach. The R-matrix radius adopted for C III is 28.0 atomic unit, and 55 continuum orbitals have been included for each channel angular momentum in the expansion of the wavefunction. This large expansion has become necessary to compute Ω up to an energy of 21 Ryd, so that the subsequent values of effective collision strength Υ (see section 6) can be reliably calculated up to Te = 8.0×10 5 K, well above the temperature of maximum abundance in ionisation equilibrium for C III, i.e. 7.9 ×10 4 K (Bryans, Landi & Savin 2009) . However, considering the number of levels involved (166) the maximum number of channels generated for a partial wave is 828, and the corresponding size of the Hamiltonian (H) matrix becomes 45 714. Therefore, the present calculations are computationally more demanding and challenging than for other Be-like ions, such as Ti XIX (Aggarwal & Keenan 2012 ) for which the size of H was only 23 579. Furthermore, to achieve convergence of Ω for a majority of transitions and at all energies, we have included all No theoretical or experimental data for Ω are available for comparison with our results. However, in Table 7 we list our values of Ω for resonance transitions of C III at four energies above thresholds, i.e. 5, 10, 15 and 20 Ryd. The in-dices used to represent the levels of a transition have already been defined in Table 1 . We hope our results in the table for Ω will be useful for future comparison with experimental and other theoretical data. In the threshold energy region, Ω does not vary smoothly, especially for (semi) forbidden transitions. There often are numerous closed-channel (Feshbach) resonances in this region, as shown in fig. 2 of Fernández-Menchero et al. (2014) for four transitions, namely 1-3 (2s
) and 1-9 (2s 2 1 S0 -2p 2 1 D2). We observe similar resonances, in both frequency and magnitude, and for illustration show these in Fig. 2 (a and b) for two transitions, i.e. 1-2 (2s 2 1 S0 -2s2p 3 P o 0 ) and 1-3 (2s 2 1 S0 -2s2p
). The first is a forbidden transition whereas the second is inter-combination.
EFFECTIVE COLLISION STRENGTHS
Since Ω does not vary smoothly with energy, as shown in Fig. 2 , it is the effective collision strength (Υ) which is required in plasma modelling applications. This is determined from the collision strengths (Ω) by averaging over a suitable distribution of electron velocities. The most appropriate and widely used distribution for applications in astrophysics is Maxwellian and hence is adopted in both earlier and the present work, and also by Fernández-Menchero et al. (2014) . The presence of resonances is generally significant for forbidden, semi-forbidden and inter-combination transitions (see Fig. 2 ) and therefore for these the enhancement in the values of Υ is substantial. Similarly, values of Υ are affected more towards the lower range of temperatures. Such enhancements have already been noted for a wide range of ions, including Be-like (Aggarwal & Keenan 2015) . However, to account for their contribution resonances need to be resolved in a fine energy mesh. Fortunately, resonances for transitions in C III are not very dense, as may be seen from our Fig. 2 and fig. 2 of Fernández-Menchero et al. (2014) . Nevertheless, we have performed our calculations of Ω at ∼2500 energies in the thresholds region with a mesh of (generally) 0.001 Ryd to calculate Υ, which is given by:
where k is Boltzmann constant, Te the electron temperature in K, and Ej the electron energy with respect to the final (excited) state. Once the value of Υ is known the corresponding results for the excitation q(i,j) and de-excitation q(j,i) rates can be easily obtained from the following equations:
and q(j, i) = 8.63 × 10
where ωi and ωj are the statistical weights of the initial (i) and final (j) states, respectively, and Eij is the transition energy.
Our calculated values of Υ are listed in Table 8 over a wide temperature range up to 10 5.9 K, suitable for applications to a wide range of astrophysical (and laboratory) plasmas. Corresponding data at any intermediate temperature can be easily interpolated, because (unlike Ω) Υ is a slowly varying function of Te. As already noted in section 1, the most recent, extensive and perhaps best available corresponding data for Υ are those by Fernández-Menchero et al. (2014) . Similar to ourselves, they have adopted the (semirelativistic) R-matrix code, resolved resonances in a fine energy mesh, averaged Ω over a Maxwellian distribution, and reported results for transitions among 238 levels, over a wide range of electron temperature up to 1.8×10 7 K. Therefore, we undertake a comparison only with their results.
In Table 9 we compare our results for Υ with those of Fernández-Menchero et al. (2014) at three temperatures of 1800, 90 000 and 450 000 K, for resonance transitions up to level 78. The first and the third are the lowest and the highest common temperatures between the two calculations whereas the second is the most appropriate for applications to astrophysical plasmas, as already mentioned in section 5.
Comparisons of Υ for all transitions among the lowest 78 levels at these three temperatures are shown in Fig. 3 (a, b and c) in the form of the ratio R = ΥDARC /ΥICF T . Note that negative values of R represent ΥICF T /ΥDARC , i.e. ΥICF T > ΥDARC . At the two higher values of Te, the two sets of Υ generally agree within 20% for most of the transitions listed in Table 9 . However, differences are larger (up to a factor of two) for a few, particularly those with upper levels > 60. Unfortunately, the discrepancies are larger (up to a factor of two) at the lowest temperature of 1800 K, for about half the transitions, and in a majority of cases ΥICF T > ΥDARC . Such discrepancies at low temperatures are not uncommon and mostly arise due to the position of resonances, because 1800 K is equivalent to only ∼0.011 Ryd, whereas our adopted energy mesh is 0.001 Ryd. To reliably calculate Υ at such low temperature(s), the energy mesh needs to be finer because our tests show that the uncertainty introduced by our (comparatively) coarse mesh is ∼20% at Te = 1800 K. Fernández-Menchero et al. (2014) adopted a comparatively finer energy mesh of 0.000 04 Ryd, but only for J 11.5 for which they performed the electron-exchange calculations. For higher partial waves, up to J = 45, they adopted a coarser mesh of 0.004 Ryd in a no-exchange calculation. These two different meshes should not normally matter for calculations of Υ at low temperatures, such as 1800 K, because J 11.5 should be sufficient for the convergence of Ω at low energies. Therefore, their reported Υ may be comparatively more accurate at this Te. For transitions among all levels, in most cases the Υ of Fernández-Menchero et al. (2014) are larger as shown in Fig. 3a , but in a few instances ΥDARC > ΥICF T . Examples where our data are larger include transitions 38-56, 39-56 and 40-56 , which are forbidden and have resonances close to the thresholds. As the calculations of Fernández-Menchero et al. (2014) are primarily in LS coupling, there is a possibility of these resonances being missed. Nevertheless, this low temperature of 1800 K is not generally expected to be important for applications in plasma modelling and therefore we focus our attention on comparison at the two higher temperatures.
As shown in Fig. 3 (b and c) the discrepancies between our calculations and those of Fernández-Menchero et al. (2014) increase with increasing temperature. For about one fifth of the transitions, the differences are larger than 20%, and in a majority of cases ΥICF T > ΥDARC , by up to a factor of 20. These discrepancies between the two independent calculations are consistent with those already found for other Be-like ions, namely Al X, Cl XIV, K XVI, Ti XIX and Ge XXIX (Aggarwal & Keenan 2015) . As discussed in Aggarwal & Keenan (2015) , the main source of inaccuracy in the calculations of Fernández-Menchero et al. (2014) for Υ is the use of a limited energy range for calculating Ω, up to only 11 Ryd which is insufficient for the determination of Υ up to 1.8×10 7 K (or equivalently to 114 Ryd), because the integral in Eq. (3) will not converge, although they have extended the energy range of Ω following the suggested formulae of Burgess & Tully (1992) . However, in our work there is no requirement for such an extension because calculations for Ω have already been performed up to sufficiently high energies, as detailed in section 5. Therefore, based on the comparisons discussed here as well as for other Be-like ions and shown in Fig. 3 , the results of Υ by Fernández-Menchero 
CONCLUSIONS
Energies for the lowest 166 levels of C III belonging to the n 5 configurations have been calculated with the grasp code. For the lowest 10 levels, discrepancies with measurements are up to 8%, but agreement is better than 1% for the remaining 156. Radiative rates are also listed for four types of transitions (E1, E2, M1 and M2) and no large discrepancies are noted for a majority of strong E1 transitions. These rates have been further employed to calculate lifetimes which are found to be in good agreement, for most levels, with other theoretical work as well as experimental values. Based on several comparisons, including the velocity and length ratios, our results for radiative rates, oscillator strengths, line strengths and lifetimes are judged to be accurate to better than 20% for a majority of strong transitions.
Collision strengths are reported for resonance transitions, at energies above thresholds, to facilitate future comparisons as at present no similar data exist. However, results for the more useful parameter Υ are listed for all transitions among the 166 levels of C III and over a wide range of temperature up to 10 5.9 K. This range of Te should be sufficient for the modelling of a variety of plasmas, such as astrophysical and fusion. Comparisons of Υ have been made The accuracy of our Ω and Υ data is assessed to be better than 20%, for a majority of transitions, forbidden as well as allowed. This assessment is made partly based on comparisons with available results and our experience with other Be-like ions, and mainly because: (i) we have included a large range of partial waves to achieve convergence of Ω at all energies, (ii) have included the contribution of higher neglected partial waves through a top-up, (iii) have resolved resonances in a fine energy mesh to account for their contribution, and more importantly (iv) have calculated Ω over a wide range of energy which allowed us to determine Υ up to the highest temperature of our calculation, without any extrapolation. Hence, we see no apparent limitations in our data and hope these can be confidently applied to the modelling of plasmas. Nevertheless, scope remains for improvement, as for any calculation. This can perhaps be achieved by the inclusion of levels of the configurations with n > 5 in the generation of wave functions and the scattering process.
